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A B S T R A C T   

Defoliating insects’ outbreaks play a critical role in trees’ carbon cycle. The pine processionary moth (PPM; 
Thaumetopoea pityocampa) is the major defoliating insect of Mediterranean coniferous forests. The frequency and 
intensity of PPM outbreaks is projected to increase as winter temperatures become milder due to climate 
warming. An accurate evaluation of this projection requires a wide spatial baseline of the historical PPM inci
dence. PPM outbreaks affect tree secondary growth leading to narrow rings, providing a tree level signal. 
However, PPM defoliation rings can be confounded with drought rings, the most frequent cause of narrow rings 
in Mediterranean environments. Thus, an accurate identification of PPM rings demands the consideration of 
additional tree ring traits. Here, we introduce a multiproxy approach to identify and distinguish PPM and 
drought events. We sampled four Pinus nigra (3) and P. sylvestris (1) stands in Spain. We identified and verified 
years of PPM defoliation using remote sensing analysis and field observations of Regional Forest Service. We 
identified drought events through the combination of climatic data with radial growth reductions. We considered 
climate growth residuals, among-trees growth variability, latewood percentage (%LW), intrinsic water-use ef
ficiency (iWUE) and minimum blue intensity (BI) to discern between droughts and PPM outbreaks. In com
parison with drought rings, PPM rings showed 1) more negative residuals in climate growth models, 2) higher 
secondary growth variance, 3) higher percentage of latewood and 4) lower iWUE. Minimum BI did not differ 
between drought and PPM rings, but was lower than in the rest of the rings. The combination of these traits 
provides a signature to identify PPM rings, opening the opportunity to reconstruct PPM incidence on a broad 
spatio-temporal scale.   

1. Introduction 

Forests cover nearly a third of emerged lands and hold more than 
double the current amount of carbon in the atmosphere (FAO, 2005; 
Field and Raupach, 2004). Yet, their carbon-fixing capacity is limited by 
disturbances such as wildfires and insect outbreaks (Dale et al., 2000; 
Ramsfield et al., 2016). Insect outbreaks reduce tree growth, induce 
widespread tree mortality, and alter plant dynamics and nutrient cycling 
(Dymond et al., 2010; Field and Raupach, 2004; Kurz et al., 2008). 
Integrating outbreak dynamics into carbon cycle models is imperative to 

ascertain the evolution of climate change over time (Pan et al., 2011; 
Volney and Fleming, 2000). 

Ectothermic organisms, such as overwintering insects, exhibit high 
sensitivity to temperature fluctuations (Ayres and Lombardero, 2000; 
Wilson and Fox, 2021). In fact, ongoing temperature rise has been linked 
to both a higher frequency and intensity of insect outbreaks (Netherer 
and Schopf, 2010; Robinet and Roques, 2010). In seasonal ecosystems, 
the increase in winter temperature plays a pivotal role as low temper
atures severely constrain the development and survival of insects, 
consequently limiting insect population sizes (Harrington et al., 2001) 
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and distribution ranges (Démolin, 1969). 
The pine processionary moth (PPM, Thaumetopoea pityocampa Denis 

and Schiffermüller) is the main defoliating insect of pine and cedar 
forests in the Mediterranean Basin (Roques et al., 2015). The larvae of 
this univoltine species feed on needles in winter, leading to individual 
defoliation rate of up to 100% of crown volume (Jacquet et al., 2012). 
Despite the predictions of PPM altitudinal and latitudinal spread due to 
current global warming (Battisti et al., 2005; Battisti et al., 2006; Buffo 
et al., 2007), we still need long-term data of outbreak dynamics to 
contextualize potential and current changes. Indeed, research on PPM 
population dynamics primarily relies on field observations (Azcárate 
et al., 2023, Hódar et al., 2012). Thus, existing records rarely span more 
than two or three decades, and longer-term data are typically restricted 
to specific areas (e.g., Gazol et al., 2019). These datasets hold significant 
value, but their spatio-temporal perspective is insufficient to contextu
alize long-term population changes as those attributed to global change, 
especially considering that PPM outbreaks occur on average every 9–14 
years (Camarero et al., 2022). Remote sensing offers a promising avenue 
for monitoring insect-induced defoliation patterns, including PPM (Otsu 
et al., 2018; Sangüesa-Barreda et al., 2014), thanks to its frequent revisit 
time (e.g., 8 days with Landsat, 5 days with Sentinel-2) and its extensive 
spatial coverage on data collection (Senf et al., 2017). Nevertheless, its 
temporal depth is limited to mid-term temporal scales (up to 50 years). 
In addition to stand records provided by field observations and remote 
sensing data, it is imperative to evaluate tree-scale response to PPM 
defoliations. We need to understand the defoliation effects on tree 
physiology to interpret defoliation cascading impacts on the ecosystems 
affecting carbon, nitrogen and water fluxes, and altering plant-plant and 
plant-animal interactions (Laurent et al., 2017). 

Dendrochronology has been employed to reconstruct defoliation 
outbreaks at tree level (Esper et al., 2007). Defoliations are usually 
associated to sharp decreases in secondary growth. However, in 
temperate ecosystems, droughts also result in high-frequency growth 
reductions (Camarero et al., 2013; Lucas-Borja et al., 2021) which 
potentially lead to confounding patterns. Different approaches have 
been adopted to discriminate these signals. Disparities in annual radial 
growth patterns between host trees and individuals from non-host spe
cies growing in the same ecological conditions have been used to 
distinguish PPM defoliations from climate-driven signatures (Lynch, 
2012). Nevertheless, as the response to drought at different time scales is 
also species-specific (Pasho et al., 2011), this method may lead to 
inaccurate interpretations. Particularly, since PPM feeds on most pine 
species (Barbaro and Battisti, 2011), the comparison of the growth of 
host trees with coexisting species from different genera and families like 
Juniperus and Quercus reduces the validity of such an approach. Alter
natively, the growth synchrony of host trees could help to discern be
tween both disturbances. PPM events usually affect trees within a stand 
to varying degrees, with a higher incidence at the stand’s edge (Azcárate 
et al., 2023). In contrast, droughts tend to reduce tree growth 
throughout stands, prevailing growth synchrony (Sangüesa-Barreda 
et al., 2019; Shestakova et al., 2016). 

Analyzing additional wood traits (e.g., percentage of latewood 
within rings, stable isotopes or microdensity) may contribute to improve 
our ability to discriminate PPM defoliations from droughts. The per
centage of earlywood and latewood in tree rings after PPM defoliation 
could change in comparison to drought as PPM defoliation alters carbon 
availability for wood lignification (Jacquet et al., 2012; Palacio et al., 
2012), leaving a distinctive record in intra-annual wood rates. For 
another perspective, insect defoliations have been related to 
13C-enriched wood (Simard et al., 2008), although another study of one 
PPM event indicated the presence of 13C-depleted wood after defoliation 
(Camarero et al., 2023), posing potential on this trait. Finally, wood 
density has a most solid support with maximum wood density being a 
good proxy for reconstructing defoliation events, such as larch budmoth 
outbreaks (Esper et al., 2007; Kunz et al., 2023). The biological rationale 
behind this signal is also robust, pointing a limited carbon availability 

(Briffa et al., 2002; Olano et al., 2012). However, little is known about 
the impact of PPM on wood microdensity, except that minimum density 
no longer responds to climate in the year following defoliation 
(Camarero et al., 2023). 

Here, our objectives were: (1) to identify changes in tree ring traits as 
proxies of PPM incidence at tree level in different pine species (Pinus 
nigra and P. sylvestris); and (2) to develop a multi-proxy framework for 
delineating PPM-induced defoliations from the impact of drought. We 
hypothesized that PPM defoliations lead to (i) a lower growth synchrony 
because PPM variably affects trees within a stand, resulting in non- 
uniform impacts; (ii) narrow rings, which could not be explained by 
climate, corresponding to negative residuals in climate growth models; 
(iii) a higher percentage of latewood within rings, since PPM de
foliations mainly affect earlywood formation; (iv) a lower iWUE due to a 
reduced water stress induced by higher sapwood canopy ratios; and (v) a 
decrease in maximum density compared to drought years because trees 
allocate non-structural carbohydrates towards the production of new 
leaves, inducing consequently a resource depletion during latewood 
formation. 

2. Material and methods 

2.1. Study areas and sampling design 

We sampled four forest stands in Spain comprising two pine species 
vulnerable to PPM defoliations: Pinus nigra and P. sylvestris (Fig. 1). 
Among these stands, three were of Pinus nigra, recognized as the most 
palatable species with the highest PPM defoliation levels (Camarero 
et al., 2022; Hódar et al., 2002; Stastny et al., 2006). All sampled forest 
stands were monospecific plantations, and according to data from the 
Regional Forest Service, they have experienced severe PPM-induced 
defoliations in the past two decades. In each stand, we sampled a total 
of thirty individuals, following a transect from the edge to the inner 
parts of the stand. 

We extracted three cores from each tree using 5.15 mm diameter 
Pressler increment borers. Two cores were used for tree ring width 
chronologies and blue intensity (BI) measurements, while the third core 
was used for carbon isotope analyses. We recorded the position of in
dividuals employing a submetric GPS receiver (Trimble Geo 7X), and we 
measured tree diameter at breast height (DBH) (Table 1). Wood cores 
were stored in straws with an identifier and transferred to the laboratory 
for processing. Finally, we calculated the distance between each indi
vidual tree and the forest edge using high resolution orthophoto mosaics 
(PNOA, National Program for Aerial Orthophoto) in QGIS 3.26 software 
(QGIS Development Team, 2023), except for Caltojar and Bayubas 
stands, characterized by their sparse forest structure and the absence of 
forest edge effect. 

2.2. Identification and verification of PPM defoliation events using remote 
sensing 

To identify PPM events, we explored Landsat-derived normalized 
difference vegetation index (NDVI) time series spanning from 1990 to 
2020. NDVI dense time series are widely recognized as a proxy for pri
mary productivity (e.g., Goward and Dye, 1987; Vicente-Serrano et al., 
2016). Albeit drought can also cause NDVI reductions in pine species 
(Gazol et al., 2023), dense NDVI time series point to PPM events when an 
NDVI anomaly starts in winter. To build NDVI dense time series corre
sponding to our stand locations, we retrieved all high-quality observa
tions available on the Google Earth Engine (GEE) cloud platform. We 
interpolated missing values with a third order polynomial to ensure the 
construction of a consistent 7-day series. Additionally, we extracted 
seasonal series corresponding with winter, spring, summer and autumn 
periods from the comprehensive dataset to explore annual trends at 
various times of the year. To identify the presence of anomalies associ
ated with a reduction in NDVI during winter, we employed the 
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bfastmonitor algorithm (Verbesselt et al., 2010) which marks the timing 
and magnitude of anomalies. Moreover, we used forest monitoring in
formation from Castilla y León Regional Forest Service to verify the 
dates of PPM defoliations. 

2.3. Tree ring width and basal area increment chronologies 

Two cores were mounted on standard wooden supports and fine 
sanded. They were digitalized using CaptuRING, a semi-automatic 
camera system (Nikon D7500 with a Tokina Macro 100 F2.8 lens) 
connected to a computer which allows the acquisition of high-resolution 
images (≈ 3.7–4.5 μm per pixel; García-Hidalgo et al., 2022). Images 
were merged with PTGui (New House Internet Services BV, Netherland). 
Tree rings were measured and crossdated with CooRecorder (Cybis 
Elektronik and Data AB, Sweden). Crossdating quality was checked 
using the COFECHA program (Holmes, 1983) (Cybis Elektronik and 
Data AB, Sweden). Additionally, we discerned earlywood (EW) and 
latewood (LW) in ten selected trees by assessing sudden changes in the 
ring pattern. These measurements were used to extract EW width and 
LW width to calculate latewood percentage (%LW) at ring level. 

Annual tree ring width series were transformed into basal area in
crements (BAI) and averaged per tree. BAI is a more biologically 
meaningful variable to quantify radial growth trends and changes than 
tree ring width, being less affected by tree allometry and becoming 
stable at tree maturity (Biondi and Qeadan, 2008). As the sampled trees 
were relatively young (maximum 44–60 years old at the end of 2020), 
we prevented from the positive trend during the juvenile phase by fitting 
a smoothing spline, with a 50% frequency cut-off set at 2/3 of series 
length, to all BAI raw series. Both BAI values calculations and detrending 

were run using the functions bai.out and detrend from the dplR package 
(Bunn, 2008) in R environment (R Core Team, 2023), respectively. 
Then, we constructed detrended BAI index chronologies at tree level, 
and we calculated the growth variance, that is, the variance in the BAI 
index values for each year and stand. 

2.4. Climatic data 

We used CRU high-resolution gridded datasets of the 1901–2020 
period (Harris et al., 2020; https://crudata.uea.ac.uk/cru/data/hrg/) to 
obtain monthly mean data of mean temperature, maximum tempera
ture, minimum temperature and precipitation for each forest stand. 
Additionally, to analyze the effect of drought severity, we calculated the 
Standardized Precipitation-Evapotranspiration Index (SPEI) for the 
study period. SPEI is a standardized multiscale drought index based on 
water balance. Negative and positive values correspond to dry and wet 
periods, respectively (Vicente-Serrano et al., 2010). We calculated SPEI 
with monthly resolution using a lag comprised from one to twelve 
months. For each forest stand, we identified the SPEI timing and lag with 
the highest correlation with BAI. 

2.5. Identification of drought events 

We identified dry years as those with SPEI values below –0.5, which 
is considered a threshold for drought (Wang et al., 2021). In addition to 
climate data, we focused on the drought impact, and we calculated if 
these years corresponded to negative pointer years in the tree ring width 
chronologies (i.e., extremely narrow rings) using the relative growth 
change approach (Schweingruber et al., 1990). We defined negative 

Fig. 1. A) Location of the study areas. Purple and green points represent Pinus nigra and P. sylvestris stands, respectively. The mean temperature of the 1980–2020 
period is also represented. B) Intense pine processionary moth (PPM) defoliation on Pinus nigra trees during winter 2021–2022. C) Spatial distribution of PPM. The 
stripes situate Peninsular Spain in Europe, and the grey fill indicates countries where PPM presence has been reported (Kriticos et al., 2013). 

Table 1 
Main features of each forest stand: species, latitude (ºN), longitude (ºW), elevation in m.a.s.l, diameter at breast height (DBH) in cm, tree ring series time span, tree age 
in years and ring width in mm of the sampled trees (mean ± standard error).  

Stand Species Lat Long Elevation DBH Time span Age Ring width 

Bayubas P. nigra  41.54  -2.90  958 18.4 ± 3.0 1974–2021 39.6 ± 0.7 1.8 ± 0.06 
Caltojar P. nigra  41.42  -2.76  1040 19.7 ± 3.5 1964–2021 45.9 ± 1.2 1.5 ± 0.08 
Oquillas P. nigra  41.80  -3.72  938 27.6 ± 0.7 1961–2021 52.9 ± 1.4 2.0 ± 0.09 
Saldaña P. sylvestris  42.58  -4.87  1013 26.4 ± 0.7 1977–2021 36.6 ± 0.8 2.8 ± 0.10  
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pointer years as those with at least a 30% reduction in BAI compared to 
the average of the 2 previous years, and when this growth reduction was 
present in at least 60% of trees in each stand. Drought events were 
assigned to the years fulfilling these two conditions. For this analysis, we 
used the pointer.rgc function of the pointRes R package (Van der 
Maaten-Theunissen et al., 2015). 

2.6. Climate growth models 

We modelled BAI response to SPEI to distinguish growth reductions 
attributable to drought from those due to PPM outbreaks using linear 
mixed models (LMMs). We hypothesized that residuals will be more 
negative during PPM events. Our models included the SPEI with 
maximum signal for the considered period as fixed factor, and previous 
year BAI and tree as random factors to consider the first-order temporal 
autocorrelation and to incorporate the non-independent structure of our 
data, respectively. A separate model was conducted for each stand for 
the 1990–2020 period and fitted using Restricted Maximum Likelihood 
(REML). Residuals normality and homoscedasticity were checked to 
confirm the assumptions of LMMs. In the case of violations of these as
sumptions, models were re-fitted considering different variance struc
tures (Zuur et al., 2009). Residuals were extracted from the models for 
every tree and year for further analyses. We used the R package nlme 
(Pinheiro et al., 2023) to fit LMMs. 

2.7. Intrinsic water-use efficiency 

To assess changes in annual iWUE, we evaluated 13C/12C isotope 
ratio for each site in the 1990–2020 period. We selected five individuals 
per study site with a narrow tree ring during PPM events and extracted 
the resin from the cores through a pentane bath for 72 hours before air- 
drying (Polge, 1970). Each annual ring from 1990 to 2020 was identified 
and separated with a scalpel. Then, tree rings corresponding to the same 
calendar year were merged and grounded using a ball mill (Retsch 
MM400, Retsch GmbH). The samples were weighed, packed in tin caps 
and combusted at 1000◦C in an elemental analyzer (NA1500 series 2, 
Carlo Erba Instruments). Gas chromatography was used to extract CO2, 
which was then transported by a current of helium to an interface 
connected to an isotope ratio mass spectrometer (Deltaplus XP, Thermo 
Electron). Analyses were carried out in the Andalusian Earth Science 
Institute (IACT) in Granada (Spain). Through this technique, we calcu
lated δ13C of our samples, expressed as the relative difference between 
the ratio 13C/12C (parts per thousand, ‰) and the standard V-PDB. These 
measurements were used to calculate isotopic discrimination (Δ; Far
quhar and Richards, 1984; McCarroll and Loader, 2004), which was 
then converted to the iWUE (expressed in μmol of CO2 per mole of H2O), 
using available data of δ13C in atmospheric CO2 (Graven et al., 2017) 
and atmospheric CO2 concentrations. To understand how iWUE varies 
over time, we calculated iWUE temporal changes as the value of each 
year relative to the two previous years. This transformation was also 
applied to BAI data to allow the contrast between both variables. 

2.8. Blue intensity 

We used BI technique as a proxy of maximum microdensity (Kaczka 
et al., 2018; McCarroll et al., 2002). We selected ten trees per stand, 
among those showing response to PPM events. Resin from the cores was 
extracted using a pentane bath for 72 hours before being air-dried 
(Polge, 1970). Cores were then mounted on wooden supports and pho
tographed using CaptuRING, with strict incident light control under a 
dark box, and using the GretagMacbeth ColorChecker® card for colour 
standardization (García-Hidalgo et al., 2023). 

BI was measured with ρ-MtreeRing (García-Hidalgo et al., 2021). As 
BI is inversely correlated with density (Rydval et al., 2014), we adjusted 
the light calibration curve to allow direct comparison between BI and 
wood density. Image resolution was ≈5800 dpi. We analyzed BI by 

setting a 50 pixels wide path to prevent from wood or processing arte
facts (e.g., cracks, discoloration, empty resin ducts) during density 
profile extraction. Finally, we extracted minimum BI values at ring level, 
that is, maximum values in density profiles, as a proxy of maximum 
wood microdensity. 

2.9. Statistical analyses 

We assessed the potential of the different proxies (growth variance, 
climate growth model residuals, iWUE temporal changes and minimum 
BI) to discriminate between PPM and drought events through LMMs. 
Models included the whole data set (4 stands) and had the same fixed 
structure (event type as a binomial parameter 1 for PPM and 0 for 
drought) as well as a random component, either tree nested in stand for 
parameters measured at tree level (climate growth model residuals, 
minimum BI) or stand for data measured at yearly level (growth vari
ance and iWUE temporal changes). To analyze %LW, we fitted gener
alized linear mixed models (GLMMs) with a binomial family, treating 
the type of event (PPM/drought) as a fixed factor, and accounting for 
tree nested within year. We checked normality and homoscedasticity of 
the residuals, proceeding to refit the models with different variance 
structures whenever these assumptions were not met (Zuur et al., 2009). 
LMMs and GLMMs were fitted using the R package nlme (Pinheiro et al., 
2023). 

3. Results 

3.1. Identification of PPM and drought events 

Remote sensing analyses helped identify five years with PPM events 
during the 1990–2020 period. Each stand showed one or two PPM 
events (Table A.1). PPM defoliations exhibited a particular spectral 
signature, with a significant drop in seasonal NDVI values between 
winter and spring, which was not observed on other years. The bfast
monitor algorithm also flagged anomalies in NDVI intra-annual curves 
(Fig. A.1). Furthermore, the most recent events matched the information 
reported by Castilla y Léon Regional Forest Service. We also identified 
between four and seven drought events per stand, in nine different years, 
which did not coincide with PPM events. Drought events in 2005 and 
2012 were common to all stands, while 2002 drought was observed in 
three out of four stands (Table A.1). 

3.2. Basal area increment chronologies 

BAI index showed lower values during PPM (mean ± SE, 0.55 ±
0.04) and drought (0.58 ± 0.01) events in comparison with the rest of 
the years (1.10 ± 0.01). Trees responded synchronically to drought 
events, whereas secondary growth during PPM events had a higher 
variance, with trees showing drastic reductions coexisting with trees 
without growth reductions (Fig. 2), except for Oquillas stand. LMM re
flected this asynchrony with higher BAI index variance during PPM 
events (P = 0.023) (Table 2; Table A.2). 

3.3. Climate growth models 

BAI of Bayubas stand was significantly influenced by April SPEI with 
an 8-month lag. Similarly, BAI in Caltojar was notably influenced by 
July SPEI with an 11-month lag, while BAI in Oquillas was driven by 
May SPEI with the same 11-month lag. In Saldaña stand, BAI responded 
to January SPEI with a 5-month lag. Pearson’s correlations values 
ranged from 0.28 to 0.52 (Table A.1), the lowest value corresponded to 
the P. sylvestris stand. 

PPM events had lower residuals (-0.50 ± 0.04) in the climate growth 
models than drought events (-0.20 ± 0.01) (Fig. 3). Accordingly, the 
climate growth model residuals showed significant differences between 
PPM and drought events (P < 0.001; Table 2; Table A.3). Interestingly, 
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trees located at the forest edge exhibited the lowest residuals in PPM 
events (Fig. A.3). No trend has been observed for Oquillas stand, where 
all trees were completely defoliated. 

3.4. Latewood percentage 

LW width was reduced during PPM (0.12 ± 0.01 mm) and drought 
events (0.14 ± 0.01 mm), in comparison to the rest of the years (0.31 ±
0.01 mm). EW width was lower during PPM events (0.29 ± 0.04 mm) 
than during drought events (0.79 ± 0.06 mm) and the rest of the years 
(1.57 ± 0.04 mm). Nevertheless, the most relevant difference between 
PPM and drought events appeared when the relative contribution of EW 
and LW was considered. %LW in tree ring width during PPM events 
(40.4% ± 3.0%) was more than twice than in drought events (20.7% ±
0.9%) or the rest of the years (17.7% ± 0.3%) (Fig. A.4). This pattern 
was confirmed by LMM model (P < 0.001; Table 2; Table A.4). 

3.5. Intrinsic water-use efficiency 

iWUE temporal changes showed a conspicuous decrease during PPM 
events, while it augmented during drought years. When BAI and iWUE 
temporal changes were plotted together (Fig. 4), PPM events showed a 
unique combination of low growth and low iWUE temporal changes, 
being easily distinguishable from the other events (Fig. A.5). The type of 
event (PPM or drought events) was extremely determinant for iWUE 
temporal changes values, explaining almost half of the variance of the 
statistical models (P < 0.001; Table 2; Table A.5). 

3.6. Blue intensity 

Minimum BI of PPM and drought events had similar averages (0.52 
± 0.02 and 0.52 ± 0.01, respectively) but was lower than the rest of the 
years (0.58 ± 0.00) (Fig. A.6) Accordingly, we did not find significant 
differences between both events (P = 0.882; Table 2; Table A.6). 

4. Discussion 

PPM and drought events cause severe reductions in tree secondary 
growth. Fortunately, when these events are not concurrent, they lead to 
distinct signatures in tree ring traits (Table 2). PPM events were char
acterized by higher growth variance, negative residuals in climate 
growth models, tree rings with higher %LW and lower iWUE. However, 
in contrast to our hypothesis, minimum BI did not differ between PPM 
and drought events. The combination of some of these traits enables the 
development of a relatively flexible framework for reconstructing PPM 
defoliations. 

PPM events showed a lower tree growth synchrony than droughts at 
the stand level, as it was reflected in the higher variance of BAI (Fig. 2). 
Tree vulnerability to PPM is not homogeneous in space (Azcárate et al., 
2023). PPM female moth exhibits limited flying ability and actively 
selects isolated and sun-exposed trees (Régolini et al., 2014). This bio
logical behaviour is manifest in our data, showing decreasing de
foliations across an edge-to-core gradient (Fig. 4). On the contrary, 
drought is a wide-scale disturbance and affects all trees, increasing 
growth synchrony among trees (Klisz et al., 2019). In extremely severe 

Fig. 2. Variation of detrended basal area increment (BAI) for Bayubas (P. nigra; n=34), Caltojar (P. nigra; n=32), Oquillas (P. nigra; n=29) and Saldaña (P. sylvestris; 
n=37) stands over the period 1990–2020. PPM events and droughts are highlighted in blue and yellow, respectively. The black lines represent the mean detren
ded BAI. 

Table 2 
Results of the performed linear mixed models (LMMs) for assessing the differ
ences between PPM and drought events considering: growth variance, climate 
growth residuals, percentage of LW (%LW), intrinsic water-use efficiency 
(iWUE) temporal changes, and minimum blue intensity (BI). The sign of the 
relationship indicates whether PPM events had positive or negative impact 
compared to drought events. Values in the two last columns indicate the mar
ginal (fixed factors alone) and conditional (fixed and random factors) pseudo-R2 

values.   

PPM 
events 

P Marginal 
R2 

Conditional 
R2 

Growth variance þ 0.023  0.210  0.210 
Climate growth 

residuals 
-  <0.001  0.133  0.155 

%LW þ <0.001  0.304  0.304 
iWUE temporal 

changes 
-  <0.001  0.437  0.633 

Minimum BI n.s  0.882  0.000  0.561  
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PPM outbreaks, where all trees show complete defoliation, growth 
synchrony can be very high and growth variance low. In such case, the 
comparison of tree growth with nearby pine populations could provide 
valuable insights, and in all cases, other proxies must be considered. 

PPM events induced negative climate growth residuals (Fig. 3). 
Drought events also resulted in negative (but higher) residuals indi
cating that climate growth models underestimated their effects. 

Droughts longer than the time scales considered in the LMMs led to 
lower-than-expected growth rates. A similar approach has been previ
ously used to identify PPM defoliations (Sangüesa-Barreda et al., 2014), 
as well as other biotic disturbances, such as larch budmoth defoliation 
(Kunz et al., 2023) or mistletoe infestations (Camarero et al., 2019). 
Overall, the combination of synchrony and climate growth residuals has 
a strong potential for identifying PPM outbreaks. Nevertheless, the use 

Fig. 3. Residuals of the climate growth model models over the period 1990–2020 for Bayubas (P. nigra; n=34), Caltojar (P. nigra; n=32), Oquillas (P. nigra; n=29) 
and Saldaña (P. sylvestris; n=37) stands. PPM and drought events are highlighted in blue and yellow, respectively. Boxplots vertical bars indicate the inter
quartile range. 

Fig. 4. Relationship between basal area increment (BAI) and intrinsic water-use efficiency (iWUE) temporal changes for Bayubas (P. nigra; n=5), Caltojar (P. nigra; 
n=5), Oquillas (P. nigra; n=5) and Saldaña stands (P. sylvestris; n=5) over the period 1990–2020. PPM and drought events are highlighted in blue and yellow, 
respectively. 
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of climate growth model residuals is limited to periods with instru
mental records. 

PPM events affected the relative contribution of EW and LW to tree 
ring. LW showed a higher contribution to total ring width during PPM 
events than in drought events. In Mediterranean habitats, drought 
usually intensifies as growing season advances, impacting on cell divi
sion rate with more intensity in the last part of the ring (Olano et al., 
2012). In contrast, PPM defoliation in winter limits carbon acquisition at 
the onset of the growing season and induces the remobilization of car
bon to canopy formation, thus limiting temporally the secondary growth 
(Palacio et al., 2012). Consequently, this results in a reduction or a total 
loss of the relative contribution of EW. Such diminution in EW pro
duction had also been reported in conifers affected by other winter moth 
defoliators (Simmons et al., 2014), whereas when insect defoliations 
occur after EW formation, only LW growth is affected (Axelson et al., 
2014). 

PPM and drought events had disparate effects on iWUE (Fig. 4). 
Drought increased iWUE (Martin-Benito et al., 2017; Olano et al., 2014; 
Peters et al., 2018). Drought drives stomatal closure to prevent water 
loss, thereby limiting CO2 availability in the substomatal chamber 
(Levesque et al., 2017), leading to a 13C enrichment of fixed carbon. In 
contrast, PPM defoliations were associated to a decrease in iWUE. This 
result differs with previous studies that showed either no defoliation 
effect on iWUE (McIntire et al., 2021), or even an increase in iWUE 
(Simard et al., 2008), but it is in line of a recent observation relative to a 
detailed analysis of a PPM event (Camarero et al., 2023). Canopy loss 
decreases leaf to sapwood area ratio, increasing sap flow per leaf area 
and, therefore, reduces water constraint and stomatal closure, leading to 
lower iWUE (Mencuccini and Grace, 1995). A complementary mecha
nism is linked to the effect of defoliation in carbon dynamics canopy. 
Defoliation implies simultaneously a sharp loss of carbon gain and a high 
cost to build a new canopy, with this process being particularly costly in 
perennial plants with high leaf construction costs (Poorter et al., 2009). 
To cope with these demands, plants usually remobilize older carbohy
drates stored in stem to sustain growth recovery (D’Andrea et al., 2019; 
Herrera-Ramírez et al., 2020). Since iWUE is increasing gradually due to 
higher atmospheric CO2 concentrations (Olano et al., 2014; Olano et al., 
2023), older carbohydrates would show lower iWUE. If this was the 
dominant mechanism driving the decrease in iWUE, this promising 
proxy to discriminate drought and PPM events could not be applied to 
preindustrial periods. 

Finally, PPM events had lower minimum BI (Esper et al., 2007), but 
this trait did not discriminate between drought and PPM events. Low 
density in PPM events is attributable to a reduction in available carbo
hydrates and the construction of lighter tree rings (Hogg et al., 2002). 
Drought also presented a lower minimum BI, however, such effect does 
not necessarily imply a reduction in available carbon, since photosyn
thetic activity (source activity) is more tolerant to drought stress than 
xylogenesis (sink activity) (Körner, 2003). Thus, factors limiting xylo
genetic activity may result in less lignified rings, as it has been repeat
edly reported in relation to temperature (Björklund et al., 2014; 
Martin-Benito et al., 2017; Seftigen et al., 2020). 

5. Conclusions 

The reconstruction of PPM events is a challenge in Mediterranean 
environments where narrow rings associated to droughts are very 

common. Our study highlights the existence of a panoply of tree ring 
traits to discriminate both disturbances. The combination of climate 
growth residuals, growth synchrony and latewood percentage has a 
strong potential with the advantage that it can be run using just basic 
ring width measurements and has limited costs. However, moving to
wards preinstrumental periods implies the loss of climate growth re
siduals. iWUE robustly discerns between PPM (low efficiency) and 
drought (high efficiency) events, but further research must be done to 
assess that the mechanism driving low iWUE values in PPM events is not 
affected by historical changes in CO2. In contrast, the differences in the 
relative contribution of EW and LW to final ring width seems supported 
by biological mechanisms that are stable in time. These findings provide 
a new avenue for the reconstruction of PPM incidence over hundreds of 
years, and the examination of the PPM impact in relation to the long- 
term rising temperature trend. 
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Figure A.1. LANDSAT-NDVI time series over the period 1990–2020 of Saldaña stand (P. sylvestris). The period from 2012 until 2018 constituted the stable period 
used by bfastmonitor to assess data variation patterns (blue line) and thus enable disturbance detection. Here, a break from the LANDSAT-NDVI time series patterns 
was detected in 2018. 

Figure A.2. Images of tree rings and years of PPM outbreaks in Bayubas (P. nigra), Caltojar, (P. nigra), Oquillas (P. nigra) and Saldaña (P. sylvestris) stands.   
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Figure A.3. Linear relationship between residuals of climate growth models during PPM events and tree distance to the edge in Saldaña (P. sylvestris; n=37) and 
Oquillas (P. nigra; n=29) stands. Pearson’s correlation coefficient (r) is also indicated. 

Figure A.4. %LW of tree rings over the period 1990–2020 for Bayubas (P. nigra; n=10), Caltojar (P. nigra; n=10), Oquillas (P. nigra; n=10) and Saldaña (P. sylvestris; 
n=10) stands. PPM and drought events are highlighted in blue and yellow, respectively. Boxplots vertical bars indicate the interquartile range.  
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Figure A.5. Mean iWUE temporal changes of the trees over the period 1990–2020 for Bayubas (P. nigra; n=5), Caltojar (P. nigra; n=5), Oquillas (P. nigra; n=5) and 
Saldaña (P. sylvestris; n=5) stands. PPM and drought events with blue and yellow dots, respectively. 

Figure A.6. A) Effect of PPM defoliations on the pine tree canopy, B) on radial growth, C) and detailed image with inverted minimum BI profile (for parallelism with 
wood density). Minimum BI value for latewood in 2018 is reduced in comparison to non PPM years.  

Table A.1 
PPM and drought events identified, and period with largest SPEI signal for each stand used in climate growth models.  

Site PPM events Drought events SPEI and lag 

Bayubas 1997, 2016 2002, 2005, 2012, 2017 April SPEI 8 (r=0.50) 
Caltojar 1998 1990, 1992, 2005, 2012 July SPEI 11 (r=0.43) 
Oquillas 2010 1999, 2002, 2005, 2009, 2012, 2015, 2017 May SPEI 11 (r=0.52) 
Saldaña 2018 1999, 2002, 2005, 2012 January SPEI 5 (r=0.28)   

Table A.2 
Summary of parameters and estimators of the linear mixed model (LMM) used to assess the effect of the type of event (PPM event/drought event) on basal 
area increment (BAI) variance. SE stands for standard error. P < 0.05 in bold.  

Growth variance 

Predictors Estimates SE P 

(continued on next page) 
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Table A.2 (continued ) 

Growth variance 

Predictors Estimates SE P 

(Intercept)  
0.05 

0.02 0.039 

Event  
0.12 

0.05 0.023 

Observations   24 
Marginal R2   0.210 
Conditional R2   0.210   

Table A.3 
Summary of parameters and estimators of linear mixed model (LMM) used to assess the effect of the type of event (PPM event/drought event) on the 
residuals of the climate growth models. SE stands for standard error. P < 0.05 in bold.  

Residuals of climate growth models 

Predictors Estimates SE P 

(Intercept)  
-0.20 

0.01 <0.001 

Event  
-0.30 

0.03 <0.001 

Observations   780 
Marginal R2   0.133 
Conditional R2   0.155   

Table A.4 
Summary of parameters and estimators of the generalized linear mixed model (GLMM) used to assess the effect of the type of event (PPM event/drought 
event) on the percentage of latewood (%LW). SE stands for standard error. P < 0.05 in bold.  

%LW 

Predictors Estimates SE P 

(Intercept)  
-3.61 

0.45 <0.001 

Event  
2.94 

0.54 <0.001 

Observations   239 
Marginal R2   0.304 
Conditional R2   0.304   

Table A.5 
Summary of parameters and estimators of the linear mixed model (LMM) used to assess the effect of the type of event (PPM event/drought event) on 
intrinsic water-use efficiency (iWUE) temporal changes. SE stands for standard error. P < 0.05 in bold.  

iWUE temporal changes 

Predictors Estimates SE P 

(Intercept)  
0.06 

0.02 0.023 

Event  
-0.14 

0.03 <0.001 

Observations   23 
Marginal R2   0.437 
Conditional R2   0.633   
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Table A.6 
Summary of parameters and estimators of the linear mixed model (LMM) used to assess the effect of the type of event (PPM event/drought event) on 
minimum BI. SE stands for standard error. P < 0.05 in bold.  

Minimum BI 

Predictors Estimates SE P 

(Intercept)  
0.52 

0.01 <0.001 

Event  
0.00 

0.01 0.882 

Observations   253 
Marginal R2   0.000 
Conditional R2   0.561  
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